Objective To evaluate whether the percentage of time spent supine during sleep in the third trimester of pregnancy could be reduced using a positional therapy device (PrenaBelt) compared with a sham device. Design A double-blind, randomised, sham-controlled, cross-over pilot trial. setting Conducted between March 2016 and January 2017, at a single, tertiary-level centre in Canada. Participants 23 participants entered the study. 20 participants completed the study. Participants were lowrisk, singleton, third-trimester pregnant women aged 18 years and older with body mass index <35 kg/m 2 at the first antenatal appointment for the index pregnancy and without known fetal abnormalities, pregnancy complications or medical conditions complicating sleep. Interventions A two-night, polysomnography study in a sleep laboratory. Participants were randomised by computer-generated, one-to-one, simple randomisation to receive either a PrenaBelt or a sham-PrenaBelt on the first night and were crossed over to the alternate device on the second night. Allocation concealment was by unmarked, security-tinted, sealed envelopes. Participants, the recruiter and personnel involved in setting up, conducting, scoring and interpreting the polysomnogram were blinded to allocation. Primary and secondary outcome measures The primary outcome was the percentage of time spent supine during sleep. Secondary outcomes included maternal sleep architecture, respiration, self-reported sleep position and feedback. results The median percentage of sleep time supine was reduced from 16.4% on the sham night to 3.5% on the PrenaBelt night (pseudomedian=5.8, p=0.03). We were unable to demonstrate differences in sleep architecture or respiration. Participants underestimated the time they spent sleeping supine by 7.0%, and six (30%) participants indicated they would make changes to the PrenaBelt. There were no harms in this study. Conclusions This study demonstrates that the percentage of sleep time supine during late pregnancy can be significantly reduced via positional therapy. trial registration number NCT02377817; Results.
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IntrODuCtIOn background Stillbirth (SB) and low birth weight (LBW) are devastating complications of pregnancy.
Recently, five studies have demonstrated an association between maternal supine sleep position in late pregnancy and the risk of late term SB [1] [2] [3] [4] [5] and LBW. 1 The population attributable risk of supine sleep for SB has been reported as being between 3.7% and 37%, [1] [2] [3] [4] [5] suggesting that a significant proportion of late term SB could be averted if supine sleep was avoided. A number of major risk factors for SB and LBW are not modifiable in the course of the pregnancy (eg, elevated body mass index (BMI), advanced maternal age); however, maternal supine sleep is potentially modifiable with the majority of third-trimester pregnant women spending up to 25% of their sleep time supine. [6] [7] [8] The contribution of supine sleep to LBW and SB is biologically plausible due to inferior vena cava compression by the gravid uterus, affecting maternal haemodynamics [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and fetal oxygenation. 14 Open access position also exacerbates sleep-disordered breathing (SDB), 26 27 which has been linked to adverse pregnancy outcomes. [28] [29] [30] In persons with mild to moderate SDB, the majority experience most of their breathing abnormalities while sleeping supine. 31 Positional therapy (PT) is a simple, safe and effective treatment that helps individuals with SDB maintain a lateral position while sleeping, thus significantly reducing or eliminating their breathing abnormalities. 31 32 Drawing on the concept of PT for SDB, the authors (AJK, AB and KC) designed a PT device for pregnant women called 'PrenaBelt' to minimise supine sleep (figure 1). This study is a randomised pilot trial because it trialled a new intervention on a smaller scale (pilot) to evaluate it for use in a full-scale randomised controlled trial. 33 
Objectives
The primary objective was to evaluate whether the percentage of time spent supine during sleep in the third trimester of pregnancy could be reduced using the PrenaBelt when compared with a sham. Secondary objectives were to evaluate the effect of the PrenaBelt on maternal sleep architecture and respiration in comparison with a sham, evaluate the accuracy of maternal self-reported sleep position and collect feedback from the participants regarding the PrenaBelt.
MethODs randomised pilot trial design
A single-centre, double-blind, randomised (one-to-one), sham-controlled, cross-over trial. No methodological changes were made after trial commencement.
Patient and public involvement
Patients and the public were not involved in the development of the research question or outcome measures, design of the study, recruitment process, or conduct of the study. During the consent process, participants indicated whether they wished to receive a copy of their personal study results and/or a summary of the overall study results (to be shared by email).
Participants
Participants were recruited by a trained nurse at the IWK Health Centre-a tertiary and primary care centre for women and children with approximately 5000 newborns delivered per year. Overnight polysomnograms (PSGs) Open access were conducted at the Queen Elizabeth II (QEII) Health Sciences Centre Sleep Disorders Clinic. The IWK and QEII are teaching hospitals associated with Dalhousie University in Halifax, Canada. Halifax has a population of approximately 400 000. Participants expressing interest in the study (paper flyer, online advertisement) were screened.
Participants were eligible if they had a low-risk singleton pregnancy and were 18 years of age or older, more than 20 weeks gestation at screening, and residing in the Halifax Regional Municipality. Exclusion criteria included BMI ≥35 kg/m 2 at the first antenatal appointment for the current pregnancy, pregnancy complicated by obstetric conditions (eg, hypertension, diabetes, intrauterine growth restriction), sleep complicated by any medical conditions (eg, known obstructive sleep apnoea (OSA), insomnia, musculoskeletal deformity affecting sleep position), multiple pregnancy, known fetal abnormality, and non-English speaking and reading.
There was no independent data monitoring committee.
Interventions
There was no run-in measurement of baseline sleep habits. Each participant underwent two overnight PSG studies between 28 and 37 weeks gestation. The study nights were not required to be consecutive dates, and we did not specify a defined washout period. The only difference between the two nights was the intervention (PrenaBelt or sham) and that participants completed a demographic questionnaire on the first PSG night only. The PrenaBelt is worn at the level of the waist and has four firm plastic balls embedded into foam inserts within the pockets posteriorly ( figure 1 ). The mechanism of action of the PrenaBelt is theoretical and based on the tennis ball technique of PT, [34] [35] [36] when supine, the balls apply pressure points across the user's lower back, prompting her to reposition herself in a lateral position to maintain comfort. The sham was identical in appearance, materials and construction to the PrenaBelt, but had soft foam balls instead of firm plastic balls and did not have foam inserts; as such, the sham did not provide pressure points. Participants crossed over to the alternative intervention on the second PSG night.
PSG set-up, including Pro-Tech zRIP Durabelts (Philips Respironics, Murrysville, Pennsylvania, USA) for respiration, PT1 pressure transducers (BRAEBON Medical, Kanata, Canada) for airflow and snoring, electrodes (Natus Medical, Pleasanton, California, USA) for ECG/ electroencephalography (EEG)/electrooculography/ electromyography and finger-tip pulse oximetry, was by trained research assistants (RAs), in accordance with the American Academy of Sleep Medicine 2014 guidelines, 37 and in a private clinical room with continuous monitoring by an RA in a separate room through audio/visual and Embla Sandman Elite sleep diagnostic software.
Immediately before the participant settled to sleep, the unblinded research personnel (co-PI (AJK) or study coordinator (JHW)) entered the room to assist her in donning the assigned intervention (PrenaBelt/sham) without disclosing the identity of the intervention to the participant or the RA in order to maintain blinding. On waking for the day, the participants immediately removed the intervention and placed it in an opaque closed box for collection by the unblinded personnel in order to keep it concealed from the RA. The RA subsequently entered the room and unhooked the PSG equipment. The participant completed a feedback questionnaire and placed it in a sealed envelope for the unblinded personnel. Participants were permitted bathroom breaks and to remove the intervention and/or PSG equipment at any point if they became uncomfortable.
Scoring of PSG's was performed by blinded Registered PSG Technicians, and interpretation was by a blinded sleep medicine physician (DLM).
Outcomes
The prespecified primary outcomes per protocol were the per cent of time spent in the supine and right-lateral positions (we originally intended to minimise both) and the feedback questionnaire; however, for reporting clarity and participant comfort, the PrenaBelt was configured to provide pressure points only when the user was supine, the primary outcome was further specified to be the percentage of time spent supine during sleep only, and the other prespecified primary outcomes were instead reported as secondary outcomes. The primary outcome was documented continuously by an RA via video feed.
Secondary outcomes were total sleep time, sleep time in each position (left lateral, right lateral, supine, prone), percentage of sleep left and right, sleep latency, sleep efficiency, sleep indices (total arousal, spontaneous arousal, periodic limb movement, respiratory arousal, apnoeahypopnea, respiratory effort-related arousal), percentage of sleep stage (1, 2, 3 and rapid eye movement (REM)), peripheral oxygen saturation (SpO 2 ) during sleep, snoring and feedback questionnaire. The questionnaire elicited participants' perceptions of body position at sleep onset and waking, number of changes in position, and estimates of percentage/time spent in each position during sleep. Participants also ranked their satisfaction, comfort level and intention to continue using the PrenaBelt (if it were available) on a 10-point Likert scale (with 10 out of 10 reflecting the highest satisfaction, comfort and intention to use, and 1 out of 10 the lowest).
Per our research protocol and trial registry, supine and non-supine Apnoea-Hypopnea Index (AHI), min/ mean/max SpO 2 while awake and min/mean/max maternal heart rate during wake, REM and non-REM (NREM) states, were also specified as secondary outcomes; however, we were unable to report the supine and non-supine AHI and heart rate data due a software configuration issue nor the awake SpO 2 values due to data artefact. . 39 There was no planned interim analysis or stopping guidelines. randomisation Participants were allocated by computer-generated (R), one-to-one, simple randomisation into one of two possible cross-over schemes: PrenaBelt on the first PSG night followed by sham on the second PSG night and vice versa (figure 2). Allocation sequence was concealed via unmarked, security-tinted, sealed envelopes by an independent statistician (MBB). An envelope was drawn in sequence, opened, and the participant's name and birth date were recorded on the enclosed allocation sheet by the unblinded personnel (AJK, JHW) on the participant's first PSG night.
blinding Participants, the recruiter and personnel involved in setting up, conducting, scoring and interpreting the PSG were blinded to allocation. The only research personnel unblinded to the allocation were the co-PI (AJK) and the study coordinator (JHW), which was required in order to provide the appropriate intervention to the participant before she went to sleep. It was not feasible to blind the researchers analysing the study data (AJK, JHW, MBB) to the allocation. statistical methods Primary and secondary outcomes were compared between interventions by paired t-tests (normal) and Wilcoxon signed-rank tests (non-normal). Cohen's Kappa (κ) was used to assess agreement between categorical variables.
Spearman's r and Bland-Altman plots were used for continuous variables.
For continuous variables, normality was assessed using Q-Q plots and Anderson-Darling test. All testing was performed at a 0.05 significance level. Treatment effects (differences in means and OR) and associated CIs were presented at a 95% CI with p values. results Between March 2016 and January 2017, 28 participants were assessed for eligibility (figure 2). Following exclusion of three (11%) who declined participation and two (7%) who failed to meet eligibility criteria, 23 were randomised. After randomisation, there were three (13%) drop-outs-all from the PrenaBelt-then-sham group and after completing the first PSG night. Two were due to transportation/childcare reasons, and one was due to an unrelated injury preventing her from sleeping in a horizontal position. Thus, 20 participants-10 from each group-were included in the primary analysis, which was by original assigned groups and on a complete-case basis (drop-outs excluded). The originally planned sample size of 25 participants was not reached due to unforeseen budget restrictions preventing recruitment beyond 20 participants. The length of time between studies for the same participant (washout period) was a median of 1 day (IQR 1-3.25 days; maximum 13 days).
sample characteristics Baseline demographic, obstetric and sleep habit characteristics of the 20 participants who completed the study are shown in table 1 per randomised group (n=10 each). The two randomised groups were well balanced with respect to the sample characteristics-there were no statistically significant differences in baseline characteristics between groups (α=0.05). The mean (SD) age was 30.9 (5.0) years. The majority (80%) were Caucasian. The mean (SD) prepregnancy BMI was 26.6 kg/m 2 (3.3) and rose to a mean of 30.4 kg/m 2 (3.6) at the time of the first PSG, which took place at a median (IQR) gestational age of 30.0 weeks (28-33.1). Half (50%) of the participants were nulliparous.
The median (IQR) self-reported overnight sleep duration at the time of the first PSG was 8 (7) (8) hours. In the week previous to the first PSG (when pregnant), left was the most common position at sleep onset (85%) and waking (60%), although a large proportion of women also reported the supine position at sleep onset and waking (25% and 40%, respectively). When not pregnant, prone was the most common position at sleep onset (65%) and supine was the most common at waking (55%). Most participants used a pillow under their head (90%) and between their knees (70%).
In comparing baseline demographic, obstetric and sleep habit characteristics between the participants who completed the study (n=20) and those who did not (n=3), the groups were similar; however, participants who did not Open access complete the study were younger (mean 26.7 years), had a higher current BMI (mean 32.5 kg/m 2 ) and had less self-reported overnight sleep duration (mean 6.8 hours).
Primary outcome
The primary outcome was not normally distributed. The median (IQR) percentage of sleep time supine on the .6 (0-1.6 ), RDI supine 0 (0-0.9), RDI non-supine 0.5 (0-1.6), SpO 2 maximum and minimum during REM sleep were 98% (98−99) and 92% (90−94), respectively, and SpO 2 maximum and minimum during NREM sleep were 99% (98-100) and 92% (91-94), respectively. The mean (SD) SpO 2 during REM and NREM sleep was 96.0 (1.2) and 96.2 (1.0), respectively. Presence of snoring was detected on 26 of 40 (65%) nights. Six participants (30%) indicated that they would make changes to the PrenaBelt-of these, five were with regard to comfort and one was with regard to sizing. There were no statistically significant differences in sleep architecture, respiration or user feedback between the PrenaBelt and sham nights on paired testing (n=20 pairs) (table 3) .
The self-reported sleep data are presented in table 4 harms No participants (including the drop-outs) requested to remove the intervention or PSG equipment. There were no known harms related to the interventions or procedures in this study.
DIsCussIOn

Principal findings
Use of the PrenaBelt resulted in a reduction in the percentage of sleep time supine in comparison with the sham, and we were unable to demonstrate an effect on maternal sleep architecture or respiration.
strengths and weaknesses in relation to other studies Our study only included two nights for each participant and was a randomised pilot trial; therefore, caution should be taken when extrapolating our results across the third trimester with regard to efficacy and compliance-PT in non-pregnant individuals with positional OSA has sustained efficacy in the long term but decreasing compliance from 93% at 1 month, 40 74% at 3 months 41 and 60% at 6 months.
42 
Open access
In recent studies of PT in non-pregnant individuals with positional OSA, PT devices incorporating active supine sensing technology and vibration mechanisms have been shown to be more effective in reducing supine sleep than inactive pressure-point PT devices like the PrenaBelt. 41 43 In comparison to a study of pressure-point PT in non-pregnant individuals with positional OSA by Heinzer et al, 41 the PrenaBelt resulted in a lesser reduction in mean percentage of sleep time supine; however, in contrast, we did not have a non-intervention night as Units for 'index' variables are events per hour. *Non-normally distributed continuous variables and discrete data (satisfaction, comfort and intention to use) are presented as median (IQR), and two-sided paired Wilcoxon signed-rank test is used to test for difference ('Difference (95% CI)' is the median of the pairwise differences (pseudomedian) and 95% CI for the pseudomedian). †Normally distributed continuous variables are reported as mean (SD), and paired t-test is used to test for difference. ‡Fisher's exact test ('difference' is OR). NREM, non-rapid eye movement; PLM, periodic leg movement; RDI, respiratory disturbance index; REM, rapid eye movement; RERA, respiratory effort-related arousal; SpO 2 , peripheral oxygen saturation.
Heinzer et al did. The sham, by intrinsic characteristics, may have caused a reduction in supine sleep in comparison to a non-intervention night. O'Brien and Warland 6 reported a non-interventional, one-night, in-home study of 51 healthy women in their second and third trimester using ambulatory PSG; in a subgroup of participants in their third trimester (n=33), the median percentage of overall sleep time spent supine was 26.5%. McIntyre et al, 7 in a similar non-interventional, one-night, in-home, ambulatory PSG study in 30 healthy women in the third trimester, reported the median percentage of overall sleep time spent supine to be 19%. Participants were not asked to adopt or try to maintain any sleep position in either study. Both of these studies reported a greater median percentage of overall sleep time spent supine than that in the current study (16.4%), which indicates that the sham device may have affected position. This, along with differences inherent to pregnancy (eg, body habitus, increased sleep disruption) may account for the lesser reduction in mean percentage of sleep time supine achieved by the PrenaBelt in comparison Heinzer et al. 41 Zaremba et al undertook a randomised, cross-over, PSG study in 30 postpartum women sleeping in non-elevated and 45° elevated body position and reported moderate to severe OSA in 20% of the participants. 44 The minimum SpO 2 was higher (p 0.03) and AHI was reduced (p 0.03) ; however, our study has shown self-reports of sleeponset and waking position to have only moderate and weak agreement with the gold standard (PSG), respectively, which points to reliance on non-PSG methods (eg, self-reports) as a potential source of this discrepancy.
Warland and Dorrian reported a three-night observational study of 30 healthy women in late pregnancy and found moderate basic correlation between self-reported and video-determined time on the left (r=0.418) 8 ; however, they did not report correlations for right or supine sleep. We report a good correlation between self-reported and PSG-determined time on the left (Spearman's r 0.76, p<0.01). Notably, we found poor correlation between self-reports and PSG-determined supine time and that pregnant women tend to underestimate this value. There are only two other studies investigating reliability of adults' self-reports of sleep position 45 46 ; both consist of non-pregnant adults, have conflicting results with each other, and are not reported in adequate detail for comparison to our results.
In the non-pregnant population, approximately 20% of a typical night's sleep is spent in the REM state and 80% is spent in the NREM state. The sleep architecture in the current study is consistent with previously reported patterns during pregnancy, that is, reduced slow-wave sleep, REM sleep and sleep efficiency. [47] [48] [49] [50] [51] Meaning of the study The previous studies by Owusu et al 1 and O'Brien and Warland 6 recommended the development and testing of a PT device for pregnant women. In our study, a PT intervention was implemented in a population of healthy, third-trimester, pregnant women during sleep in a clinical sleep laboratory environment over two nights. This study extends the work of Stacey et al, 2 Gordon et al, 3 McCowan et al, 4 and Warland and Mitchell 52 by finding that supine sleep position in late pregnancy can be reduced with PT.
Left-side sleeping is common among pregnant women. This may be a more comfortable position but also may be related to the 'sleep-on-side' messages prevalent on the internet and among maternity care providers. Women in our study preferentially settled to sleep on their left for 73% of the nights and right for 20% of the nights. This is corroborated by McCowan et al 4 who reported a significant increase in left-sided going-to-sleep position (43% to 58%) and small decrease in supine going-to-sleep position (5% to 3.8%) in New Zealand over an approximate 5-year period following publicity of The Auckland Stillbirth Study by Stacey et al. 2 If the supine sleeper is to be identified by history taking and stratified for targeted education or intervention, obstetricians, midwives and nurses should be aware that despite sleep-on-side knowledge and high rates of lateral going-to-sleep position, most pregnant women continue to spend a significant amount of time supine during sleep in late pregnancy per our study and previous studies. [6] [7] [8] Also, per our study, pregnant women's estimates of time in each sleep position, while relatively accurate for lateral sleeping positions, underestimate the time they spend supine. Together, this suggests that healthcare providers may need to recommend interventions to prevent unintentional supine positioning during sleep. strengths Strengths of this study include its rigorous methodology and use of the gold-standard sleep diagnostic test in a controlled laboratory setting. The sham intervention ensured that on the sham PSG night, participants received any specific benefit of any element of the PrenaBelt above Open access and beyond all benefits that might be attributed to its ability to cause pressure points and, thus, reduced treatment bias. The crossover allowed each participant to serve as her own control for comparison of intervention effect on outcomes. Allocation concealment and randomisation of participants to intervention order helped avoid allocation bias and the potential impact of changes to sleep across the two PSG nights that could have resulted from familiarisation with the equipment and environment. Blinding of the participants, RAs, Registered PSG Technicians and the sleep specialist physician further reduced potential sources of bias and strengthened data integrity.
Weaknesses
Weaknesses of this study included that we had no baseline sleep data (run-in measurement) to which we could compare the PrenaBelt and sham nights; therefore, conclusions cannot be made regarding the effect, if any, of the PrenaBelt on sleep architecture and respiration in relation to no intervention. Participants' unfamiliarity with the sleep environment also may have affected sleep quantity and quality; however, we were unaware of any impact reported by participants. Period effects and carryover may have occurred due to advancing gestation and familiarisation with the sleep environment/equipment; however, given the median washout period (1 day) was negligible in the context of a 12-week third trimester, period effects from the washout were, at most, minimal. On the second PSG night, participants were exposed to the alternate intervention and could have unblinded themselves if they remembered what the intervention felt like on the first PSG night; however, we are unaware of what effect this may have had. The current study was conducted in a cohort of healthy, non-obese and majority Caucasian pregnant women. Due to the small sample size, this study may be underpowered and potentially overstate the true reduction in percentage of supine sleep; however, the sleep time in our study was relatively short (median 5.87 hours). Our participants reported a median of 8 hours overnight sleep duration at home; therefore, even if the reduction in supine sleep is lower than we observed, over a longer sleep duration, the PrenaBelt is still likely to result in a significant amount of supine sleep avoided. The power analysis was performed using the one-sided t-test, which could be a source of systemic confounding. Because of the fragility of our primary outcome (p 0.03), a confounding could shift our conclusions into statistical non-significance. This stresses the importance of future research to ascertain if our observed effects persist.
Future research
To date, it is unclear whether formal advice, given by a maternity care provider to a pregnant woman, about sleeping position in late pregnancy is less, as, or more effective in reducing supine sleep in comparison to a PT device such as the PrenaBelt. Future research comparing advice versus a PT intervention in the home setting is imperative. If sleeping supine is potentially harmful to the fetus, the amount of supine time that is harmful needs quantification in order to target interventions to avoid this. Given that estimations of time in each body position during sleep are based on the recollection of an unconscious state and thus inherently inaccurate, future research should not rely on self-reports but should incorporate an objective measure of body position during sleep throughout the third trimester allowing body position to be directly linked to pregnancy outcomes. The results of our randomised pilot trial warrant future, large, multiethnic studies that include women with a range of pregnancy and health conditions to ascertain if the observed effects persist.
Other InFOrMAtIOn Protocol
Full details of the trial protocol are available with the full text of this article (see online supplementary file 1).
